ABSTRACT: The first highly enantioselective R-fluorination of ketones using organocatalysis has been accomplished. The long-standing problem of enantioselective ketone R-fluorination via enamine activation has been overcome via high-throughput evaluation of a new library of amine catalysts. The optimal system, a primary amine functionalized Cinchona alkaloid, allows the direct and asymmetric R-fluorination of a variety of carbo-and heterocyclic substrates. Furthermore, this protocol also provides diastereo-, regio-, and chemoselective catalyst control in fluorinations involving complex carbonyl systems. S tereodefined organofluorine compounds display a range of distinctive physical properties that often render them valuable to the pharmaceutical, agrochemical and polymer industries.
S
tereodefined organofluorine compounds display a range of distinctive physical properties that often render them valuable to the pharmaceutical, agrochemical and polymer industries. 1 In particular, fluorine atom incorporation has become an effective tool for medicinal chemists to tailor the physical and metabolic profiles of drug candidates.
2 Despite the broad-spectrum utility of such C-F containing compounds, it is remarkable to consider that only a few catalytic methods exist for the asymmetric installation of fluorine onto carbogenic frameworks 3 and that most of this research has focused on the generation of nonenolizable products such as R-alkyl-β-ketoesters. Given that R-fluoro carbonyl compounds have been identified as high value synthons for chemical synthesis, several laboratories (including our own) have established enamine catalysis 4 as a viable strategy for the enantioselective R-fluorination of aldehydes, a protocol that is sufficiently mild to avoid postreaction racemization (eq 1).
5
Notably, this transformation has been utilized to build C-F stereocenters on a range of aromatic medicinal agents. 6 However, this technology is not readily translated from aldehydic to ketonic substrates, a problem that is continually encountered throughout all facets of asymmetric catalysis (metal or organocatalysis). Indeed, despite the availability of a variety of organocatalysts (eq 2: catalysts 1-4), the utility of simple ketones in enamine catalyzed R-fluorination reactions has remained comprehensively elusive for more than six years.
' DESIGN PLAN
The field of organocatalysis has recognized two critical concerns that have thus far hindered a solution to the "ketone fluorination problem." First, in comparison to aldehydic substrates, ketones slowly condense with secondary amine catalysts to form low equilibrium quantities of enamine, a limitation that dramatically impacts overall reaction efficiency.
Second, enamines undergo electrophilic substitution from one of the two N-olefin rotational isomers that allow maximal overlap between the nitrogen lone pair and π* orbital of the adjacent CdC system (180°rotation apart). While the relative populations of these two rotational isomers are often dramatically distinct in aldehyde-based enamines (controlled by the steric differentiation of C-H versus CdC in relation to the catalyst framework), ketone-derived enamines often exist as approximately equimolar mixtures of both systems. Unfortunately, this inherent lack of enamine organizational control typically leads to diminished enantiocontrol. In the face of these challenges, the best result to date has been demonstrated by Enders and co-workers using 4-hydroxyproline (4) to achieve a notable 56% yield and 34% ee in the R-fluorination of cyclohexanone. 7 In an effort to overcome the "ketone fluorination problem," we undertook the evaluation of a large and diverse set of catalyst structures, including primary and secondary amines. Specifically, using cyclohexanone as a prototypical substrate, we developed a robotic platform to automate the parallel execution of ∼400 small-scale reactions to determine the utility of a library of 250 novel and known organocatalysts in this important fluorination reaction. An illuminating selection of results from our catalyst evaluation is shown in Figure 1 .
A critical analytical component of high-throughput asymmetric catalysis is developing a mathematical formula that allows both reaction efficiency and enantiocontrol to be appropriately weighted when identifying potentially useful catalysts. For example, we generally view enantiocontrol as a more difficult parameter to optimize in comparison to yield. On this basis, Journal of the American Chemical Society COMMUNICATION we interpret the output from such catalyst library screens as a function of the reaction efficiency and square of the observed enantiocontrol (as displayed in Figure 1 ). For this study, such a mathematical treatment quickly enabled our catalyst leads to be narrowed to only two candidates: the higher yielding leucine methyl ester 29 in acetonitrile (64% yield, 67% ee) and lower yielding but highly enantioselective cinchonine-derived 34 in tetrahydrofuran (33% yield, 90% ee). 8, 9 Systematic optimization of both lead series quickly demonstrated that superior results were available with Cinchona-based alkaloid catalysts. Indeed, use of the dihydroquinidine catalyst 35 with trichloroacetic acid (TCA) as the cocatalyst 10 at -20°C provided R-fluorocyclohexanone in 88% yield and 99% ee ( Table 1 , entry 1), and as such was established as the optimal protocol for this R-fluorination study.
11
The scope and limitations of this new fluorination reaction have been extensively investigated (Table 1) . Notably, a wide array of carbocyclic and heterocyclic ring systems (five-, six-, and seven-membered) are amenable to this enamine activation approach (entries 1-14) . Moreover, the introduction of geminal disubstitution at the cyclohexanone 4-position can be tolerated without loss in yield or selectivity (entry 2: dimethyl, 81%, 98% ee; entry 3: diphenyl, 87%, 99% ee). Remarkably, and of high synthetic value, the introduction of substituents at the cyclohexanone 3-position engenders enantioselective fluorination with regioselectivity away from the more substituted site (entries 4, 10 and 11: 62-85%, 99% ee, g7:1 regiocontrol). While such selectivities presumably arise from steric control, it should be noted that the oxacyclic analog tetrahydropyran-3-one also enjoys the same positional selectivity, presumably due to electronic factors in the enamine formation step (entry 8, 77% yield, 97% ee, >20:1 regiocontrol). With respect to functional group tolerance, olefins, carbamates and ketals are readily tolerated using these mild reaction conditions (entries 5, 6 and 9: 70-85%, g95% ee). Moreover a wide array of heterocycles such as tetrahydropyran-4-one, tetrahydropyran-3-one and NBoc-piperidin-4-one were successfully fluorinated (entries 7-9: 72-85%, 95-98% ee).
Importantly, we have found that this new protocol can be readily employed with five-and seven-membered cyclic ketones. 
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Despite competing difluorination, 2-fluoro-cycloheptanone was obtained with excellent enantioselectivity and reasonable yield (entry 13: 45%, 98% ee), while fluorination of cyclopentanone proved to be more efficient (entry 14: 52%, 88% ee). It should be noted that this enantioselective fluorination has yet to be successfully implemented with acyclic ketones (diminished yields and enantioselectivities are observed for this subclass). Last, we turned our attention to the diastereoselective fluorination of cyclic ketones that incorporate pre-existing stereogenicity. Using simple six-membered carbocycles such as (R)-3-methyl cyclohexanone, nearly complete diastereocontrol (trans) was observed (entry 10: 69%, 99:1 dr, 99% ee). Moreover, using the pseudoenantiomeric cinchonidine catalyst (epi-34), the cis fluorination product was readily obtained with similar levels of reaction efficiency (entry 11: 62%, 99:1 dr, 99% ee). In a similar fashion, R-fluorination of the meso substrate 4-phenyl-cyclohexanone (entry 12) proceeded with high enantioselectivity in the desymmetrization step (97% ee).
Having successfully examined a series of prototypical cyclohexanone systems, we next directed our standard fluorination conditions to more complex substrates (Figure 2 ). With the hydrogenated Hajos-Parrish ketone, issues of both carbonyl chemoselectivity (cyclopentyl versus cyclohexyl) as well as Rcarbonyl positional selectivity (C(3) versus C(5)) were encountered. Remarkably, this new enamine activation reaction enabled chemo-, regio-and diastereoselective fluorination of the C(5) cyclohexyl ring (74%, 98:2 dr, >99:1 regiocontrol, >99:1 carbonyl selectivity, 99% ee). The generality of such an approach was again demonstrated with allo-pregnanedione wherein two ketones and three R-methylene sites are effectively partitioned with high levels of catalyst controlled selectivities (91% yield, 95:5 dr, >99:1 regiocontrol, >99:1 carbonyl selectivity, 99% ee). Finally, in the case of the steroid cholestanone, fluorination occurs with complete regiocontrol and again with excellent efficiency (85% yield, 97:3 dr, 99% ee, >99:1 regiocontrol).
12
In conclusion, a highly enantioselective ketone R-fluorination reaction utilizing an electrophilic fluorine reagent (NFSI) and a primary amine organocatalyst has been accomplished. The primary amine catalyst enables high levels of regio-, chemo-, enantioand diastereoselectivity for a variety of ketone substrates. The resultant methodology serves as a direct entry into very useful stereogenic carbon-fluorine synthons for chemical synthesis. 
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